A dynamic and large-scale network simulator was developed to simulate the rate-controlled immiscible displacement of two fl uids in long, undisturbed soil columns. The simulator is a fast method for upscaling the hydraulic proper es of heterogeneous soils and is an alternave to the conven onal method where a system of par al diff eren al equa ons is solved in a numerical grid. The pore space is regarded as a cubic network. Each node represents a pore network, the permeability of which is chosen randomly from a density distribu on func on. The macroheterogeneity of the large-scale network is quan fi ed by the width of the node permeability distribu on. The capillary pressure and rela ve permeability funcons are obtained from either the quasista c simula on of the displacement of water by oil in a pore-and-throat network or the inverse modeling of soil column fl ow tests by using the approximate mul fl owpath model (MFPM). At each me step, the fl uid satura on and pressure of each node are calculated, formula ng mass balances at each node, accoun ng for capillary, viscous and gravity forces, solving the system of coupled and linear equa ons, calcula ng the instantaneous fl ow rates, and upda ng the local fl uid satura ons. The inlet pressure is adjusted to keep the total fl ow rate of injected fl uid constant. Sensi vity analysis revealed that the transient responses of the axial distribu on of fl uid satura on, total pressure drop across the network, and sample averaged (upscaled) rela ve permeability func ons depend on the variability of permeability distribu on, spa al correla ons of permeability fi eld, capillary number, and viscosity ra o. When the microheterogeneity at the pore network scale of nodes strengthens, the fl ow of oil through preferen al pathways is enhanced, and the upscaled water and oil rela ve permeabili es change dras cally.
The determina on of the eff ec ve two-phase fl ow coeffi cients (relative permeability functions and capillary pressure curve) of soils remain one of the most diffi cult problems, and the general procedure is based on the interpretation of two-phase fl ow tests on soil columns by using inverse modeling algorithms. Th ese two-phase fl ow tests are either pressure-controlled one-step and multistep immiscible displacement experiments (Chen et al., 1999; Hwang and Powers, 2003) or rate-controlled displacement tests (Inoue et al., 2000; Toth et al., 2002; Th eodoropoulou et al., 2005; Aggelopoulos and Tsakiroglou, 2008a) .
With heterogeneous soils, the iterative solution of the mass and momentum balances (nonlinear partial diff erential equations) in a three-dimensional permeability fi eld becomes a computationally intensive process (Abriola and Pinder, 1985a,b; Kueper and Frind, 1991a,b) , especially when the heterogeneity is included in the list of parameters to estimate. Th erefore, there is a need for fast and reliable numerical tools that will enable us to (i) examine the interactive eff ects of heterogeneity and fl ow conditions on the transient fl ow pattern and eff ective upscaled multiphase fl ow coeffi cients and (ii) invert adequately the experimental data sets and estimate simultaneously the upscaled multiphase fl ow coeffi cients and heterogeneity of soils at the observation scale.
From macroscopic numerical simulations in heterogeneous porous media (Ataie-Ashtiani et al., 2002; Das et al., 2004) and upscaling procedures (Braun et al., 2005) it has become evident that the macroscale heterogeneities strongly aff ect the transient fl ow pattern and the shape of the upscaled capillary pressure and relative permeability curves. A great number of numerical models of varying complexity have recently been developed to clarify the transient two-phase fl ow pattern in two-scale heterogeneous media (Niessner et al., Special Section: Preferential Flow
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A dynamic simulator of the immiscible displacement of two fluids in permeability networks is developed to inves gate the sensi vity of the transient fl ow pa ern and upscaled relative permeability curves of heterogeneous soil columns to the permeability distribution and flow parameters such as the capillary number and viscosity ra o.
2005; Millán and González-Posada, 2005; Markicevic and Djilali, 2006; Niessner and Helmig, 2007; Papafotiou et al., 2008; Vasin et al., 2008) .
Microscopic pore structure analysis (Tsakiroglou and Ioannidis, 2008) , along with immiscible and miscible displacement experiments performed on undisturbed soil columns Tsakiroglou, 2008b, 2009) , revealed that the microporous matrix of mineral soils, composed of sand, clay, and silt is strongly heterogeneous, and the fl ow pattern is dominated by preferential fl owpaths. Th e capillary pressure and relative permeability curves along with the fl owpath permeability distribution function, which is a quantitative measure of heterogeneity, can be produced by combining a nonlinear parameter estimation algorithm with datasets of immiscible displacement tests and the approximate multifl owpath model (MFPM) of displacement process (Aggelopoulos and Tsakiroglou, 2009) . Alternatively, the local multiphase fl ow coeffi cients can be calculated with mechanistic quasistatic (Laroche and Vizika, 2005) or dynamic (Singh and Mohanty, 2003; Markicevic et al., 2007) simulators of the two-phase fl ow in pore networks. When simulating the contaminant transport in a reservoir, the macroscopic two-phase fl ow equations are solved at scales (0.1-1m) that are much larger than the scale of a pore network (∼0.001-0.01m). Given that the viscous and gravity terms become pronounced at the scale of the numerical grid, computational tools are required to incorporate the soil heterogeneities up to the grid scale into the relative permeability curves (i.e., upscaling).
Th e conventional method of upscaling the two-phase fl ow properties (o = oil, w = water) of heterogeneous porous media is based on the numerical solution of the following mass balances
coupled with the Darcy Law
where the capillary pressure is defi ned by c o w
and ρ α , μ α , S α , P α , k rα , u α , are the density, viscosity, saturation, pressure, relative permeability, and velocity vector of fl uid α (= w,o), respectively. By quantifying the heterogeneity with a random or spatially correlated permeability fi eld, f(k), and including the adequate initial and boundary conditions, the system of PDEs, Eq.
[1], can be solved numerically so that the spatial and temporal evolution of the displacement is calculated, and the two-phase preferential fl owpaths are mapped (Abriola and Pinder, 1985a,b; Kueper and Frind, 1991a,b) . Moreover, the inverse problem would be the simultaneous estimation of the local permeability distribution f(k) and the eff ective multiphase fl ow coeffi cients, P c (S w ), k rw (S w ), and k ro (S w ), by solving the two-or three-dimensional fl ow equations and fi tting the numerically predicted responses of the pressure drop and axial distribution of oil saturation to corresponding experimental datasets. Computer calculation of such a procedure is time consuming, and we need alternative, but fast and reliable methods to determine the transient evolution of fl uid saturation and pressure fi eld in heterogeneous porous media to reduce signifi cantly the computational eff ort of upscaling the multiphase fl ow coeffi cients or inverse modeling algorithms.
In this study we developed computational tools to (i) examine the interactive eff ects of heterogeneity and fl ow conditions on the two-phase fl ow properties of soil columns, (ii) interpret fl ow tests performed on heterogeneous soil columns, and (iii) produce the upscaled properties used as input data by the macroscopic simulators of contaminant transport in the subsurface. A large-scale network type dynamic simulator of the rate-controlled immiscible displacement of a wetting fl uid (aqueous phase) by a nonwetting one (oil) was developed. Th e simulator enables us to examine the eff ects of heterogeneity, expressed by the node permeability distribution (scale ∼ 0.01 m) over the network (scale ∼ 0.1 m), capillary number, viscosity ratio, and spatial correlations of permeability fi eld on the transient responses of the total pressure drop and axial distribution of fl uid saturation across the soil column. Simultaneously, the simulator enables us to compute the overall (upscaled) relative permeability curves of heterogeneous soil columns.
Background Informa on Experimental Data
In earlier work (Aggelopoulos and Tsakiroglou, 2009) (Aggelopoulos and Tsakiroglou, 2009) . Th e pore space of the soil column was approximated by the MFPM quantifi ed by the following parameters (Aggelopoulos and Tsakiroglou, 2009) : the variability of the dimensionless permeability distribution of the fl owpaths (macroheterogeneity) σ k* , the tortuosity 1/λ, the irreducible wetting phase saturation S wi , the end oil relative permeability 0 ro k , and two coeffi cients relating the capillary pressure with permeability c and δ (Table 1) . From the fl uid distribution in each cross section, at various times, the relative permeability curves www.VadoseZoneJournal.org | 287 were determined explicitly and were then fi tted to properly selected analytic equations ( Table 2 ). Because of pore structure heterogeneities (Tsakiroglou and Ioannidis, 2008) , oil breakthrough occurs at a low value of its saturation, while most of the aqueous phase is bypassed. Th e end oil relative permeability is relatively high given that the few but highly permeable fl owpaths contribute significantly to the hydraulic conductivity of the soil (Aggelopoulos and Tsakiroglou, 2009) .
Th e eff ective multiphase fl ow coeffi cients P c (S w ), k rw (S w ), and k ro (S w ) estimated by the MFPM model are rate-dependent average properties over the cross sections of the soil column and contain information for both the pore-scale (micro-) heterogeneity ( 0 ro k , S wi , c, δ) and soil column (macro-) heterogeneity (σ k* , 1/λ). However, when upscaling the multiphase fl ow coeffi cients over the entire soil column, we need models more sophisticated than MFPM to represent realistically the complicated topology of the permeability fi eld. In this context, the multiphase fl ow coefficients estimated with the aid of MFPM might be regarded as initial guesses for an inverse modeling procedure that would be based on a more realistic model of the permeability fi eld in heterogeneous soil columns.
Pore Network Simula on
Alternatively, the capillary pressure and relative permeability curves were calculated (Table 3) by simulating the quasistatic pressure-controlled displacement in a pore-and-throat network including fractal-like roughness along pore-walls (Tsakiroglou and Payatakes, 1993; Tsakiroglou, 2006) . Th e pore structure of soil columns was characterized in terms of dual porosity models by combining back-scattered scanning-electron microscope images with Hg intrusion porosimetry data (Tsakiroglou and Ioannidis, 2008) . It was revealed that the pore-and-throat radius distributions (Tsakiroglou and Ioannidis, 2008) span a very broad range of pore length scales (5-6 orders of magnitude). Th erefore, for the realistic representation of the soil pore structure, the complete pore and throat size distributions have to be subdivided into component distributions, and a set of pore networks have to be reconstructed from them. Aft erward, the simulation of the pressure-controlled quasistatic displacement of water by oil in each network might produce a set of eff ective two-phase fl ow coeffi cients. Averaging over the set of pore networks may lead to capillary pressure and relative permeability curves that contain information for the full range of pore-length scales (<0.01 m). However, for the goals of the present work, where our attention is focused on the simulation of drainage at a large scale (0.1-1 m), we calculated the oil and water capillary pressure and relative permeability curves for a simple pore-and-throat network that is a subset of the complete pore space (Table 3) .
Dynamic Simulator of Drainage in Large-Scale Networks
Th e basic components of the generalized methodology for the analysis of experiments and large-scale simulation of oil/water drainage are shown in Fig. 1 . Th e soil column is simulated by a cubic network of nodes (large-scale network) with each node representing a pore network of a given overall permeability. Th e P c (S w ), k rw (S w ), and k ro (S w ) functions are identical for all nodes and (as mentioned above) may be set equal to either the ones calculated from pore network simulations (Table 3) or the ones estimated by inverting rate-controlled displacement tests using the MFPM model (Table  2) . Th e dimensions of the small-scale pore networks specify the size of nodes (5 × 10 −3 to 10 −2 m). During the computer-assisted construction of the large network (size ∼0.1-0.3 m), each node is assigned a constant permeability chosen randomly from the lognormal density distribution function of macroheterogeneity f(k*, σ k* ). Th is distribution function is of key importance and could be estimated from Monte-Carlo simulations of the single-phase fl ow through a set of pore networks reconstructed from component Table 3 . Capillary pressure and relative permeability curves calculated with simulations in pore-and-throat networks. Table 2 . Analytical fi tting functions of relative permeability curves for the soil columns S3 and S4. pore-and throat-radii distributions. Alternatively, f(k*, σ k* ) is estimated from two-phase fl ow tests by using the approximate MFPM model (Table 1) .
Th e rate-controlled displacement of water by oil at the soil column scale ( Fig. 1) is simulated by computing the fl uid saturation and pressure of each node at each time step and taking into account capillary, viscous, and gravity forces. Th e steps of the numerical algorithm are:
1. Permeabilities are assigned to the nodes of the large network according to the permeability distribution function f *(k*, σ k* ) (k* = k/〈k〉). Th e overall permeability of the large network is calculated by imposing a pressure diff erence across it, determining the infl ux rate with numerical solution of mass balances at nodes, and fi tting the results to Darcy's Law.
2. Th e capillary pressure at each node is calculated from its permeability by combining the generalized Leverett J function with a Corey-type model:
where γ ow is the oil/water interfacial tension; θ is the contact angle; c, δ, and m c are parameters; P co is the node entry pressure, and S wi is the irreducible water saturation.
3. Th e input relative permeability functions k rw (S w ), and k ro (S w ) are assumed identical for all nodes and are obtained from Table  3 or Table 2. 4. Th e force due to gravity is incorporated into the local capillary pressure by defi ning the piezometric capillary pressure:
where ρ w and ρ o are the water and oil density, respectively, and h is the vertical position of the interface from a reference level.
5. For each node j, the absolute permeability, k j , and relative permeabilities k ro (S w,j ), and k rw (S w,j ) at the current values of water saturation, S w,j , are introduced into the Darcy two-phase fl ow equations to calculate the eff ective oil, g o,j , and water, g w,j , conductance according to the relationships
respectively, where l N is the node length and κ = μ o /μ w is the viscosity ratio. If only water (Fig. 2a) or oil (Fig. 2b ) fl ows through a node then its conductance is given by
respectively. In general, both fl uids may fl ow through a node (Fig. 2c) , and then its total conductance is obtained with volume averaging. Using the water and oil weight fractions [10]
6. Each node is surrounded by six adjacent nodes (Fig. 3a) . To calculate the fl ow rate between adjacent nodes, we defi ne unit cells, each consisting of one-sixth of two adjacent nodes (Fig.  3b) . Th e volumetric fl ow rate through each unit cell, q ij is given by
where the conductance of the cell g ij is governed by the conductances of nodes (regarded as series resistors) according to the relationship
[12]
P i and P j are the pressures at the centers of adjacent nodes, and ΔP c,ij is an additional pressure drop due to the capillary pressure. Depending on whether node i or j is being fi lled with oil, this term is set equal to P c,i or P c,j , respectively.
7. Assuming that the algebraic sum of the volumetric fl ow rates of unit cells adjoining to each node (Fig. 4) is equal to zero (mass balance), namely
we get a system of coupled linear equations the solution of that provides the instantaneous pressure fi eld of the network.
8. Th e current fl ow rates of the invading fl uid in each unit cell are used to calculate the time spans required for its partial fi lling (5-10%) with oil. Th e percentage of unit cell partial fi lling was so selected such that neither the numerical results were aff ected signifi cantly nor the CPU time became huge. Th e calculation of the time spans is restricted to unit cells where both fl uids fl ow. Aft erward the minimum time span Δt min is determined.
9. Assuming pseudo steady-state conditions during the time span Δt min , the water saturation in each unit cell (and hence in each node) at the end of this time interval is updated according to its instantaneous fl ow rate, namely
10. Th e upscaled oil and water relative permeability functions of the network are calculated. For each phase, a constant pressure diff erence is imposed across the network, mass balances are applied to each node, and the system of coupled linear equations is solved (Fig. 5) . Th e overall oil and water outfl ow rates along with the pressure diff erence are fi nally introduced into the integrated form of the two-phase fl ow Darcy equations.
11. Th e pressure diff erence across the large-scale network is adjusted to keep the overall oil infl ux rate, Q net , close to its target value, Q oil . Th e overall infl ux fl ow rate, Q net , of the injected fl uid (oil) is calculated for several (4-5) values of the pressure diff erence, ΔP net , imposed across the network, by solving the system of coupled linear equations obtained with mass balances at nodes. Th en, the results are fi tted to the linear relationship:
so that the parameters A and B are estimated. Aft erward, Eq.
[15] is employed to compute ΔP oil for the target fl ow rate, Q oil . Th en, setting ΔP net = ΔP oil , network analysis is reused to examine whether the calculated total fl ow rate, Q o,net , deviates from its target value, Q oil . If the deviation exceeds 1%, then the pressure diff erence in iteration i + 1 is updated according to the relationship
and calculations are repeated until convergence is attained. 12. Th e procedure is repeated from Step 5 onward until oil breakthrough occurs and both the total oil saturation and total pressure drop across the network do not change anymore.
Results and Discussion
For the simulations, a network of dimensions 5 × 5 × 10 was used with the volume of each node being equal to 1cm 3 . Th e capillary pressure and relative permeability functions of Table 3 were fed as input parameters whereas the mean permeability was set 〈k〉 49.3 × 10 −15 m 2 (50 mD). As the variability of the permeability distribution function increases, the frequency and the amplitude of the pressure drop fl uctuations increase (Fig. 6a) . Th e water saturation averaged over fi ve successive segments of the network increases as one goes from the top to the bottom (Fig. 6b-6d ) because of the capillary end eff ect. With σ k* increasing, the transient fl ow pattern transitions from stable displacement to capillary fi ngering (Aggelopoulos and Tsakiroglou, 2008a) , where the oil-occupied network spanning pathways consist progressively of a smaller number of highly permeable nodes and most of the water is bypassed (Fig. 6b-6d ). Th is is clarifi ed by the larger mean value, 〈k 1 * 〉 and standard deviation σ I* of the permeability distribution of the oil-occupied nodes at increasing σ k* values (Fig. 6e-6f ).
The ratio of viscous to capillary forces is expressed by the capillary number defi ned by
where u o is the oil superfi cial velocity at the inlet face. With the capillary number increasing, the pressure drop increases signifi cantly because of the enhanced contribution of viscous forces to the hydrodynamic term of the pressure drop at the scale of the porous medium (∼0.1 m) (Fig. 7a) . As Ca increases, the transient flow pattern becomes more stable, the thickness of the displacement front is reduced, and the capillary end eff ect weakens (Tsakiroglou et al., 2003; Aggelopoulos and Tsakiroglou, 2008a) . In this manner, at high Ca values the steady-state average water saturation of the lower segments decreases (Fig. 7b-7d ) because the displacement is more effi cient and the thickness of network segments becomes greater than the front thickness ( Fig. 7b-7d) . Th e more stable fl ow pattern is refl ected in an almost stabilized permeability distribution of oil-occupied nodes during the displacement (Fig. 7e-7f ).
As the viscosity ratio, κ, increases and the displacement pattern transitions from viscous fi ngering (κ = 0.13) to a stable front (κ = 13.3), the pressure drop increases signifi cantly due to the increased viscous pressure drop of the injected oil (Fig. 8a) . On the other hand, the axial water saturation profi le tends to be homogenized at high κ values (Fig. 8b-8d ) because of the relatively small front thickness of a stable fl ow pattern compared with the large thickness of viscous fi ngering pattern (Xu et al., 1998; Th eodoropoulou et al., 2005) . Th e lower frequency and higher amplitude of ΔP(t) fl uctuations (Fig. 8a) are associated with the more stable fl ow pattern and the less stabilized permeability distribution of oiloccupied nodes at high κ values (Fig. 8e-8f ).
At high variability of local permeability, the oil preferential fl owpaths that bypass water are enhanced, with the result that the oil breakthrough occurs faster, the residual water saturation increases, and both the upscaled water and oil relative permeabilities shift to higher water saturations (Fig. 9a) . At increasing Ca values, the upscaled relative permeability curves spread over a wider Fig. 6 . Eff ects of the width of permeability distribution on the simulated transient response of the (a) pressure drop, (b-d) axial saturation profi les, and (e-f ) moments of the permeability distribution of oil-occupied nodes. Th e parameters of Table 3 were used as input data for the computer-assisted construction of the uncorrelated permeability network. Table 3 were used as input data for the computer-assisted construction of the uncorrelated permeability network. Table 3 were used as input data for the computer-assisted construction of the uncorrelated permeability network.
range of water saturations with the end oil relative permeability increasing (Fig. 9b) . It seems that oil relative permeability is more sensitive to Ca compared to water relative permeability (Fig. 9b) . Th e water hydraulic conductivity is associated mainly with the amount of water bypassed during the displacement and remaining in the less-permeable regions of the network. Th is amount of water is governed by the distribution of heterogeneity and is aff ected weakly by the rate of displacement (Fig. 9a,b) . As the viscosity ratio increases and the destabilized displacement of viscous fi ngers transitions toward a stable front, the hydraulic continuity of the aqueous phase is retained over lower water saturations whereas oil breakthrough occurs at advanced stages of the displacement and lower water saturation, leading to higher end oil relative permeability (Fig. 9c) .
In an eff ort to evaluate the capillary pressure and relative permeability curves obtained by inverting the soil column displacement tests with the approximate MFPM (Aggelopoulos and Tsakiroglou, 2009) , the oil and water drainage was simulated in uncorrelated and spatially correlated networks by using as input parameters the values in Tables 1 and 2 . Th e computer-assisted construction of a spatially correlated network of nodes was based on the approach reported in Tsakiroglou and Payatakes (1991) . Due to the nonrandom assignment of permeabilities to nodes, subnetworks of uniform (large or small) node permeability are created. Oil invasion through the most permeable paths of randomly distributed permeabilities results in a pressure drop, which increases with the width of the permeability distribution (Fig.  10a) . For a broad permeability distribution, in a spatially correlated network, oil progressively invades subnetworks of increasing permeability; this is refl ected in a pressure drop that increases monotonically with time (Fig. 11a) . In heterogeneous porous media, because of the relatively small length of the network relative to the large thickness of the displacement front, the axial water saturation profi les are highly inhomogeneous and Tables 1 and 2 were used as input data for the computer-assisted construction of spatially correlated permeability network. Tables 1 and 2 were used as input data for the computer-assisted construction of the uncorrelated permeability network.
the displacement effi ciency becomes very low at the lower segments of the porous medium (Fig. 10b-10d, 11b-11d) . Th is behavior is enhanced as the permeability distribution widens and spatial correlations strengthen (Fig. 10b-10d, 11b-11d ). Compared to earlier results ( Fig. 6-9 ) where each node is characterized by the P c , k rw , and k ro functions of homogeneous pore networks (Table 3) , the newΔP(t) and 〈S wj 〉(t) responses ( Fig. 10 and 11 ) refer to networks where the two-phase fl ow behavior of each node is described by the P c , k rw , and k ro functions of highly heterogeneous pore networks (microheterogeneity) ( Tables 1 and 2 ). It is evident that ΔP(t) becomes smoother (Fig. 6a, 10a, 11a) , the steady-state axial water saturation profi le becomes more inhomogeneous, and the amount of bypassed water increases (Fig. 6b-6d,10b-10d,11b-11d ) when the microheterogeneity strengthens and preferential fl owpaths prevail in both micro-and macroscales.
Th e sample averaged (upscaled) water and oil relative permeability functions have the tendency to increase and decrease, respectively, with the width of permeability distribution increasing, whereas the spatial correlations have a weak eff ect on them (Fig. 12a,b) . It is worth noting that the network averaged steady-state oil relative permeability is very low and almost identical to that established at oil breakthrough (Fig. 12a,b) because aft er oil breakthrough no more displacement of water takes place at either the macroscale (network of nodes) or the microscale (network of pores) (Fig. 12a,b) .
Conclusions
The rate-controlled oil and water immiscible displacement in heterogeneous porous media was simulated by a network type approach, accounting for capillary, viscous, and gravity forces. Each node represents a pore system of a specifi c permeability, and the macroheterogeneity of the network is quantifi ed by the permeability distribution and spatial correlations of permeability fi eld. Th e transient variation of fl uid distribution in nodes is tracked by calculating the fl ow rate through each unit cell, formulating mass balances at each node, and determining the instantaneous pressure fi eld. With the aid of the simulator, the eff ects of the width of permeability distribution, spatial correlations of permeability fi eld, capillary number, viscosity ratio, and microheterogeneity on the transient responses of the pressure drop and water saturation profi le, as well as the upscaled water and oil relative permeabilities, are clarifi ed.
Th e rate-controlled water and oil relative permeability functions averaged over a long soil column are strongly sensitive to the width of permeability distribution and oil/water viscosity ratio. Th ey change moderately with the capillary number, whereas no drastic changes are caused by spatial correlations of permeability fi eld. Th e pore network-scale microheterogeneity, which is incorporated into the capillary pressure and relative permeability curves of nodes, is of key importance for the transient responses of the pressure drop and axial profi le of water saturation because it substantially aff ects the upscaled water and oil relative permeabilities. Fig. 12 . Eff ects of the width of permeability distribution on simulated relative permeability curves of (a) uncorrelated and (b) spatially correlated networks.
